The influence of an electric field on the viscosity of mixtures of polar gases with argon and helium has been measured using a capillary bridge. The relative change of the viscosity coefficient r]3 has been obtained in this way. A theory of the effect is sketched along similar lines to those followed by Tip for the magnetic case. The half value of the field is shown experimentally to be linear in the concentration. Moreover, a comparison of the experimental data with the theory yields cross section ratios of noble-polar collisions versus polar-polar collisions, both for the reorientation and for rotational energy transfer. The reorientation collision frequencies are compared to those obtained from non-resonant microwave absorption.
Introduction
The study of the Senftleben effect, i. e, of the transport properties of polyatomic gases in external fields 1 is a useful tool for the investigation of the non-spherical part of the intermolecular interaction and the mechanism, not yet fully understood, for internal energy transfer in such gases 2 .
As has been shown in a previous paper 3 , hereafter referred to as I, the change in the viscosity of a polar gas in an electric field occurs at higher and higher molecular precession frequencies as the dipole moment of the molecule increases.
This shows, in agreement with the existing theories 4 ' 5 that the half-saturation field value of the dispersion-like saturating curve, typical of this class of phenomena, is proportional to a cross section for molecular reorientation that increases with the molecular dipole moment 6 .
However, a more direct test of the theory is afforded by mixtures, whose concentration is an additional parameter, easy to vary experimentally and inequivocal in nature. Fiz. 51, 1880 [1966] (Engl. Transl. Sov. Phys. JETP 24, 1265 [1967 ). [1968] .
The change of the viscosity in an electric field has been measured for thirty mixtures of four polar gases (NF3, CH3C1, CHC13 and CH3CN) with argon and helium. Mixtures of ammonia with noble gases have also been studied, but, due to the physically unusual properties of NH3, they display some anomalies and will be presented in a separate paper 7 .
The information to be extracted from the present measurements is a rather precise evaluation of ratios between cross sections of polar-noble and polar-polar collisions of different types: mainly reorientation cross sections and also energetically inelastic cross sections. This evaluation concerning ratios is naturally more precise than the absolute estimate of the same cross sections for a pure gas obtained in I.
A theory of the viscosity of mixtures in external fields has been given by TlP 8 along lines similar to the existing calculations for a pure gas 9 but using the "variational" method for mixtures 10 .
Two observations are in order at this point: Tip uses the classical equation of TAXMAN n , analogous to the one used by KAGAN and MAKSIMOV 12 in their well known theory of the Senftleben effect, in-stead of the quantum-mechanical Waldmann-Snider equation 13, 14 ; besides Tip's theory concerns primarily viscosity in a magnetic, rather than electric, field.
In § I Tip's theory is recalled in a slightly modified and generalized form, apt to a treatment of the electric case. In § II the experimental apparatus and results are given. In § III the experimental data are compared to theory, whose results appear to be well verified, and the cross section ratios are obtained.
I. Theory
In this Section a theory of the field effect is sketched, using the same methods and notation employed for the pure gas in I. The present theory is essentially the same of Tip's, the main difference being that the field (super) operator will have the properties corresponding to the electric field.
From the start the treatment will be limited to binary mixtures of a polar gas p with a noble gas n, corresponding to the experimental situation. In place of Eqs. (2) to (8) 
(2)
It is convenient to introduce the field operator 7, defined by
and the concentration-dependent collision operators will be used. The tensorial character of the quantities involved will not be taken into account for the time being. Finally a scalar product will be defined as n times the average of the product of two quantities: if the latter are tensors, the appropriate contractions shall be taken. With this simplified notation, Eqs. (1) 
Equations (7) and (6) should be compared to Eqs. (Al) and (A2) of I for the pure gas. From here on the treatment parallels closely the variational method for the pure gas used in Appendix A of I. 
Finally, the operators Cpn and Cnp , mapping J~ln into Hp and viceversa respectively, will be assumed to have the properties CPn,io = CnP(oi = 0 unless £ = 1,2.
(10) Moreover, the "diagonal" matrix elements of the collision (super) operators (and also Cpn, io and Cnp>0i) will be considered to be large in comparison to the "non-diagonal" ones coupling xp2 to Wi W A variational procedure will be used by choosing in Up the set {xpx, xp2, Wi} (where rpi is any vector such that J2i = -4= 0) and in !Hn the only vector . Then scalar products are taken of the Eqs. 
In the field-free case, the Eqs. (11) with the solution
Cpp, 22
where = C-pp, 11 t^nn, 00 -C pn, 10 t-'np, 01
From the Eqs. (14), using (7) and the definitions (4) the usual expression for the field-free viscosity of the mixture is obtained: AX = 0 (19) where Cp°p is the diagonal part of Cpp . The solution of (19) is
and in particular 
This can be substituted into the set (17), to get AXX and z!F0 and hence the change in the viscosity ARJ= -kT(xp AX\ + xn AYQ) .
(
22)
The field dependence is already completely contained in (21). Comparing this to Eq. (A-25) of I giving the field dependence of the effect for a pure gas, one sees that the forms are identical, except for the substitution of with
A consequence of this is that the field effect is approximately given by the function /i(|) from MIKHAL-LOVA and MASKIMOV'S theory 4 , with the parameter $ inversely proportional to a collision frequency linear in the concentration, i. e. with a half-field linear in the concentration.
£ is given by
where coprec is the precession frequency and copp and copn are collision frequencies for p-p and p-n collisions respectively. Hence the half-field is given by
(E/p)b = (E/p)h Xv=i(xp + xn y)
where y = copn/wpp .
It is remarkable that the Levi-McCourt-Tip (LMT) approximation 5 would lead to a half-field of the form (E/p) i= (axp + bxn)^(cxp + dxn) i
( 26) non-linear in the concentration: the (E/p)% vs. xp curve would be concave downwards.
To obtain the saturation value, one has to solve the set (17), using (14) and (21), and then to substitute into (22). The result has a rather complicated form. However, because of time-reversal, the following equalities hold: ^pp, 12 = e 2 ^pp, 215 ^pn, 10 = ^np, 01 ? ^pn, 20 = £ 2 ^np, 02 The experimental method has been described in I. The mixtures were prepared in a 40 liter volume and the concentration was controlled by reading the pressure with a mercury manometer first when only one gas was present, then after the mixing had taken place. Any corrections due to real gas effects were smaller than the reading errors. The experimental error in the concentration was less than 2%.
The mixtures flowed into the apparatus through a non-throttled capillary whose diameter and length were 1 mm and 10 cm respectively. These conditions ensured that no fractioning took place. The gases employed are listed in Table 1 , together with their purities.
The four polar gases chosen have very different values of the dipole moment; also the molecular shapes are different, two being prolate and two oblate sym- metric tops. Besides, the absolute value of the shear viscosity for these polar gases, with the exception of NF3 , is known from direct measurements 15 ; the viscosity of NF3 was estimated from the thermal conductivity, using the Eucken factor 2 . Since the capillaries forming the bridge 16 have a rectangular cross section whose height is very small compared to the width, if z is the field direction and x the flow direction the only non-vanishing component of
III. Discussion
In Figs Table 2 gives for each mixture the values of y, r and Q; y is the ratio between the reorientation frequencies for polar-noble gas collisions and polarpolar collisions, r is the corresponding cross section ratio r (mp+mn) ^
and Q gives roughly the cross section ratio for inelastic collisions. Table 2 . I\ , IQ are the moments of inertia around an axis perpendicular to the figure axis and around the figure axis respectively.
It can be seen from Table 2 that for molecules with the same structure r depends strongly on the molecular dipole moment d, the more polar one having the smaller r. This is easily explained by the fact that the dipole-dipole interaction is much more effective for reorientation than the dipole-induced dipole interaction. However, r is also sensitive to the molecular shape (compare CHC13 and CH3C1). The ratio /Ar/nie is remarkably constant and is about 10.
On the other hand, Q depends only on the molecular shape: for example in the case of helium Q is about .1 for the oblate molecules and about .3 for the prolate ones. This corresponds to the fact that the inelastic collisions are hard collisions, much more sensitive to the geometrical shape than to the dipole moment. A small projectile (helium) is much more effective when it hits a cigar than when it hits a pancake. For a large projectile (argon) it does not matter too much. Indeed, QAT/QEB is about 8 for the oblate molecules but only about 3 for the prolate ones. 10.8 Table 3 . Comparison between reorientation cross sections from microwaves and from the Senftleben effect.
17 a The field dependence is given by /x(£) in that approximation where one reorientation relaxatin time suffices to describe the phenomenon. The present experiments show this to be the case. In the same approximation any theory, including LMT 5 , yields the observed linear dependence of (E/p) i/i on xp; but only IT 3 ' 4 agrees with the experiments as far as the field dependence is concerned. The authors are indebted to Prof. J. J. M. BEENAKKER and Dr. A. TIP for discussion about these points.
